Infrared femtosecond laser pulses around 1800 nm have been very successful both in strong-field physics, driving soft X-ray high-harmonic generation, and as the basis for widely tuneable, if inefficient, ultrafast sources in the visible and ultraviolet. Although anomalous bulk material dispersion simplifies the generation of few-cycle pulses, attosecond pulses in the infrared have remained out of reach. Here we experimentally demonstrate soliton self-compression of 1800 nm laser pulses in hollow capillary fibres at energies of several hundred microjoules. Using ultrabroadband pulse characterisation, we find that the pulses compress more than tenfold to sub-cycle envelope duration (2 fs) with 27 GW peak power, corresponding to attosecond field transients at a central wavelength of 1340 nm. In the same system, we generate wavelength-tuneable few-femtosecond pulses from the ultraviolet (300 nm) to the near infrared (740 nm) with energy up to 25 µJ and efficiency up to 12%, and experimentally characterise the generation dynamics in the time-frequency domain. A second hollow-capillary stage driven with compressed input pulses (16 fs) enables multi-µJ few-cycle pulse generation from the deep ultraviolet (210 nm) to the near infrared (700 nm) in a compact system using less than 200 µJ of input energy.
I. INTRODUCTION
Ultrafast sources in the infrared spectral region are important tools in optical science. In spectroscopy, infrared supercontinua allow access to many absorption features of molecular systems simultaneously. Through the use of tuneable optical parametric amplifiers (OPA) with subsequent frequency conversion stages, infrared pulses are also the basis of widely tuneable, albeit inefficient, sources of femtosecond pulses in the visible and ultraviolet spectral regions. Few-cycle pulses at wavelengths around 1800 nm are particularly important in attosecond science as they allow the generation of soft X-ray attosecond pulses through high-harmonic generation [1, 2] . The most widely used method of compressing infrared pulses to few-cycle duration is spectral broadening in gas-filled hollow capillary fibres (HCF) followed by phase compensation in bulk material [3] . However, the pulse duration achievable with this method is limited by uncompensated higher-order dispersion [4, 5] . Much like in HCF-based pulse compression at other wavelengths, the dispersion of the waveguide itself is usually ignored.
Optical soliton dynamics, based on the interplay between nonlinearity and dispersion during propagation of an ultrafast laser pulse, can be used for both pulse compression [6] and frequency conversion through resonant dispersive wave (RDW) emission [7, 8] . This is particularly powerful in gas-filled hollow-core waveguides due to their large guidance bandwidth, excellent power handling as well as pressure-tuneable nonlinearity and dispersion. For low pulse energies (few µJ), anti-resonant photonic crystal fibres (AR-PCF) offer low-loss guidance with small core diameters (typically around 30 µm), and soliton effects have been demonstrated at a variety of driving wavelengths [9] [10] [11] [12] [13] . Recently, we have shown that soliton dynamics can be observed in HCF at much higher energies [14, 15] . In numerical studies, moderate self-compression at 1800 nm [16] as well as sub-cycle pulse generation in the mid-infrared [17] have previously been predicted, however no experiments have been performed to date.
Here, we demonstrate soliton self-compression of 30 fs pulses at 1800 nm to 2 fs, corresponding to attosecond field transients, * Corresponding author:c.brahms@hw.ac.uk in a gas-filled hollow capillary fibre. Due to the stronger HCF dispersion at longer wavelengths, this is achieved in a single stage without pre-compression. The formation of attosecond pulses at significantly lower photon energy than demonstrated previously dramatically expands the toolset available for studies in strong-field physics and beyond. Through RDW emission, this source is also capable of single-stage tuneable frequency conversion from 1800 nm to highly energetic few-femtosecond pulses from the ultraviolet (UV) to the near infrared, continuously covering the entirety of the visible spectral range. Using the self-compressed pulses to drive a second HCF stage, we demonstrate more widely tuneable RDW emission in a much more compact setup. By also reducing the energy requirements, this makes our frequency conversion scheme widely accessible and allows it to be integrated into multi-colour time-resolved spectroscopy experiments. Finally, we directly study the dynamics underlying the self-compression and RDW emission without the aid of numerical simulations by employing an ultrabroadband pulse characterisation technique. Fig. 1 shows a sketch of the experimental setup. A titaniumdoped sapphire laser amplifier (Coherent Legend Elite Duo USX) delivers pulses of 30 fs duration (all pulse durations will be given as the full width at half maximum (FWHM) of the power) and 8 mJ energy at 800 nm wavelength and a repetition rate of 1 kHz, which are then converted to 30 fs pulses at 1800 nm wavelength with 1.2 mJ energy in a white-light seeded OPA (Light Conversion HE-TOPAS Prime). To compensate for the anomalous group-velocity dispersion of other optical components, the pulses pass through a 5 mm thick piece of potassium bromide (KBr) followed by silica wedges for dispersion fine-tuning. An achromatic half-wave plate and Brewster-angle silicon plate form a variable attenuator. The pulses are then coupled into a 2.5 m long HCF with 450 µm core diameter. The HCF is stretched in order to eliminate bend loss [18] and mounted in a gas cell which is filled with argon.
II. EXPERIMENT
For spectral characterisation of the output, we use a combination of an integrating sphere and two fibre-coupled spectrometers, one for the range 200 nm to 1100 nm (Avantes ULS2048XL) and Figure 1 . Sketch of the experimental setup. Pulses from a titanium-doped sapphire laser amplifier (Ti:Sa) are converted to a central wavelength of 1800 nm in an OPA. A potassium bromide (KBr) plate and fused silica (FS) wedges allow dispersion control, and a half-wave plate (λ/2) and silicon-plate polariser (Si) act as a variable attenuator. The pulses are then coupled into a 2.5 m long stretched HCF with 450 µm inner diameter filled with argon. The output is directed to different subsequent stages. (a) The self-compressed infrared pulses are used as a driver for the generation of tuneable RDWs in a second, more compact HCF system. (b) Time-domain ptychography: after attenuation by an aperture (A), a portion of the residual pump from the OPA is band-pass filtered (BPF) to create 90 fs gate pulses centred at 810 nm and a half-wave plate (λ/2) rotates their polarisation to allow for type-II phase-matching. The sum-frequency signal is generated in a 10 µm thick BBO crystal and recorded by re-focusing onto the entrance slit of a spectrometer, after the gate and infrared pulses are blocked by a combination of a polariser and aperture. A motorised delay line enables the collection of TDP traces. The inset shows the phase-matching efficiency η sfg for sum-frequency generation in the type-II BBO for a narrowband gate pulse centred at 810 nm. The top axis shows the wavelength of the sum-frequency signal. (c) Fully calibrated spectra are collected using an integrating sphere and two fibre-coupled spectrometers.
one for 1000 nm to 2600 nm (Avantes NIR256-2.5) [ Fig. 1(c) ]. This system is calibrated as a whole for absolute spectral response, so that spectral energy density and pulse energy can be extracted directly from the spectra. We additionally crosscalibrate by comparing the total energy in the spectrum to that measured by a calibrated thermal power meter. The use of an integrating sphere to collect the whole output beam is critical, since the output spectrum can extend over more than 3 octaves, corresponding to a change in beam area of nearly a factor of 100 between the edges of the spectrum. We characterise the self-compressed pulses using sumfrequency generation time-domain ptychography (TDP) [19] ; the setup is shown in Fig. 1(b) . After attenuation by reflection from 2 glass wedges, the pulses are overlapped spatially and temporally with a bandpass-filtered portion of the residual pump pulse from the OPA in a 10 µm thick β-barium borate (BBO) crystal. With a gate pulse at 810 nm, the sum-frequency signal lies between 240 nm and 650 nm, well within the detection range of a silicon-based detector. Using a separate beam rather than deriving the gate pulse from the HCF output has the additional advantage that weak pulses can be measured. An aperture attenuates the gate pulse and makes its focal spot larger than that of the HCF output, reducing the influence of pointing fluctuations.
The BBO crystal is cut for type-II (o-e-e) phase-matching (θ = 46 • , φ = 30 • ), resulting in a phase-matching window that extends from 350 nm to beyond 3000 nm; the normalised phase-matching efficiency is shown in Fig. 1(b) . To allow phasematching, the polarisation of the gate pulse is rotated by 90 • by a half-wave plate. After the interaction in the crystal, the signal beam is isolated by a combination of a Rochon prism and an aperture and then re-focused onto the entrance slit of a spectrometer (StellarNet Black Comet SR). Due to the non-collinear geometry, different spectral components of the upconverted signal travel in different directions; accurate re-imaging of the focus in the crossing plane is therefore critical. To achieve this, the spectrometer is placed in the tangential focus of an off-axis spherical mirror.
The TDP traces, obtained by scanning the delay of the gate pulse and recording spectra, are analysed using 200 iterations of the regularised ptychographic iterative engine [20] . To account for the effects of varying phase-matching efficiency, inherent frequency scaling of the nonlinearity, and the reflectivity of the components in the setup, we correct the trace using the frequency marginal as calculated from the measured spectra of the gate and unknown pulse. The shape of the pulses exiting the HCF is reconstructed by numerically back-propagating the retrieved field, taking into account the exit window of the HCF system as well as the path through argon and air.
III. SUB-CYCLE INFRARED SELF-COMPRESSION
Soliton dynamics are based on the simultaneous action of a positive nonlinearity (in this case, the Kerr effect in the filling gas) and negative second-order dispersion (provided by the HCF for sufficiently low filling gas pressure). The balance between these two influences determines the evolution of the laser pulse. Self-compression occurs when the nonlinearity initially dominates, leading to spectral broadening, which then increases the importance of dispersion. The positive chirp induced by the Kerr effect is thus compensated for and the pulse is compressed, in turn enhancing the nonlinearity. This feedback process is arrested when the pulse spectrum has expanded dramatically and higher-order dispersion becomes important. Fig. 2 shows the TDP measurement of a pulse with initially 289 µJ energy after undergoing self-compression in the HCF when filled with 470 mbar of argon (these parameters correspond to a soliton order of 4.5 and a zero-dispersion wavelength (ZDW) of 1066 nm [14] ). The pulse has self-compressed to 2 fs, one third of one cycle of the driving field (6 fs at 1800 nm). A pedestal at lower intensity remains-characteristic of soliton selfcompression [21] . The self-compressed pulse contains 211 µJ of energy and its peak power is 27 GW. As shown in the inset in Fig. 2(a) , the electric field transient created here is significantly shorter than the envelope, with a FWHM duration of the square of the field of only 840 as. Such a short duration requires a higher frequency than that of the driving field-the central wavelength of the peak itself (calculated as the first moment of the spectrum after applying a window function around the peak) is shifted to 1340 nm.
Fig. 2(c) and (d)
show the measured and retrieved TDP traces, which agree to within an RMS error of 0.15%. The excellent agreement between the measured and retrieved spectrum of the pulse, shown in Fig. 2(b) , is further evidence that the retrieval is accurate. Being based on back-propagation, the measurement is sensitive to the experimental error on the propagation distances. The overall effect of this error is less pronounced in the infrared as compared to the visible, because most materials are less dispersive in this spectral region. The envelope duration is affected significantly and increases from 2 fs to 2.9 fs within the estimated uncertainty. However, the width of the field transient increases by less than 10%, and an error in the back-propagation merely reduces the contrast between the main peak and its most intense satellite from a factor of 4 to a factor of 2.5.
With reliable and broadband pulse characterisation using TDP, we can investigate the self-compression dynamics in more detail. Fig. 3 shows the measured temporal and spectral evolution of the pulse exiting the HCF for a higher argon pressure of 830 mbar as the input energy is increased. From the initial duration of around 30 fs, the pulse progressively compresses towards the sub-cycle regime. At low input energy (70 µJ), the pulse has compressed to 18.7 fs by the end of the HCF. Since the nonlinearity dominates during the initial propagation, this pulse is positively chirped with a Fourier-transform limit (FTL) of 16.3 fs. Increasing the input energy to 165 µJ causes further compression to 7 fs with an FTL of 6.1 fs.
The pulse reaches its minimum duration of 2.2 fs at an input energy of 213 µJ. The FTL at this point is 2 fs, but the central peak is virtually free of chirp. At even higher energy, the point of self-compression is significantly before the end of the HCF. This enables efficient RDW emission, in this case at around 500 nm, as shown in Fig. 3(b) . The complex structure in the pulse profile is caused by the interference between the various spectral components, which rapidly dephase after the self-compression point because of higher-order dispersion.
One notable feature of the self-compression is the extreme self-steepening of the pulse. In the power spectrum, this is visible as the strong asymmetry of the output spectrum, which enhances the efficiency of RDW emission [12] and shifts the central wavelength (the first moment of the whole spectrum) of the self-compressed pulse to around 1450 nm. In the time domain, self-steepening delays the peak of the pulse relative to the weaker pedestal, so that the peak appears at the trailing edge of the pulse. Note that since each pulse in Fig. 3 (a) is normalised to its peak, the pedestal appears more intense after the self-compression point. Fig. 3(c) shows the spectrum of the pulse as a function of driving pulse energy. The spectrum shows the dramatic asymmetry in the spectral expansion accompanying self-compression. At its widest, the supercontinuum extends from 370 nm to beyond 2600 nm at the −30 dB level. The resonant dispersive wave at around 500 nm first appears at the point of maximum selfcompression (213 µJ, indicated by the white dotted line) and becomes more intense as the energy is increased. The white dashed line shows the zero-dispersion wavelength, which at 830 mbar pressure is 1240 nm.
IV. UV TO INFRARED DISPERSIVE WAVE EMISSION
Resonant dispersive waves are emitted as a consequence of higher-order dispersion acting on the extremely broadband spectrum of the self-compressed soliton [7, [22] [23] [24] . Phase-matching between the soliton and a spectral band in the normal dispersion region enables coherent build-up of energy far away from the frequency of the initial driving pulse. The phase-matching region can be broad, and the length over which the RDW interacts strongly with the soliton is limited by pulse breakup of the latter. As a consequence, the pulses generated in this manner can be very short. Driving at 800 nm, RDWs have previously been tuned from the vacuum ultraviolet (110 nm) [14, 25] to the visible (550 nm) [26] . By using a driving pulse at 1800 nm, we expand the tuneability of the RDW to longer wavelengths, so that the range extends from the ultraviolet to the near infrared. Fig. 4(a) shows RDW spectra obtained by changing the argon pressure in the 450 µm HCF from 255 mbar to 1330 mbar and tuning the input energy such that RDW emission occurs close to the end of the HCF. The peak wavelength of the RDW changes from 300 nm to 740 nm. The energy converted to the RDW is shown in Fig. 5(a) . It is calculated by applying a window function around the RDW peak and integrating the resulting spectrum. At the shortest wavelengths, the energy increases sharply as the pressure is increased, since for this parameter range the generation is limited by the available driving pulse energy. The converted energy remains around 25 µJ from a wavelength of 330 nm until around 700 nm before decreasing. The conversion efficiency, estimated from the input energy, coupling efficiency and RDW energy, is shown in Fig. 5(c) . It is around 1% for the shortest wavelengths and increases steadily to 12% in the near infrared. Fig. 5(e) shows the transform-limited duration of the dispersive wave. It is extracted by Fourier transforming the filtered RDW spectrum and calculating the FWHM duration of the resulting pulse. The frequency bandwidth of the RDW is nearly constant over most of the tuning range, with an FTL duration of around 3 fs, except at the shortest wavelengths, where the RDW generation is not fully saturated. The shape of the RDW spectrum at 740 nm clearly shows the limits of the tuneability. At 1330 mbar pressure the dispersion at the driving pulse wavelength is relatively weak (the ZDW is 1394 nm) and the dispersion landscape in the near infrared very flat, so that the RDW blends into a continuum which spans 600 nm to 2500 nm instead of emerging as an isolated spectral peak.
With shorter driving pulses, soliton self-compression occurs over shorter distances, allowing the use of smaller core sizes and lower overall energy as well as making the system more compact [15] . Here we demonstrate that tuneable RDW emission from the ultraviolet to near infrared can also be obtained over only 38 cm and with driving pulse energies of less than 200 µJ. Selfcompressed driving pulses are generated by reducing the pressure in the first HCF to 180 mbar, delivering 16 fs pulses at the input to the second stage. As shown in Fig. 1(c) , these pulses then pass through another attenuator and are re-focused into a second HCF with 200 µm core diameter and 38 cm length, which is filled with argon at pressures between 470 and 7000 mbar.
Spectra obtained in this second HCF stage are shown in Fig. 4(b) . As with the larger core size, the RDW can be tuned throughout the visible spectral range and to the near infrared (700 nm). Because more driving pulse energy is available relative to the smaller core size, increasing the intensity, the tuning range is extended to the deep UV (210 nm). With the RDW at its shortest wavelength, the supercontinuum generated here covers the entirety of our detection window, 200 to 2600 nm, at the −30 dB level. The converted energy is shown in Fig. 5(b) . Starting from the shortest wavelengths, it rises slowly from 1.5 to 7.5 µJ up to 400 nm wavelength, after which it begins to drop.
We estimate the conversion efficiency, shown in Fig. 5(d) , as 1% for the RDW at 210 nm, rising to 10% at 450 nm and then dropping again to 5.5% at 700 nm. Note that these efficiencies once again exclude the coupling loss of approximately 15%-the total input energy (before coupling losses) to the second HCF ranges from 41 µJ for infrared RDW emission to 185 µJ in the ultraviolet. We observe a significant drop in the total transmission of the HCF system at the shortest RDW wavelengths (from 44% at high pressure to 37%). This suggests that the drop in RDW energy as the wavelength decreases is due to ionisation losses resulting from the higher intensity. These could be largely avoided by switching to a gas with a higher ionisation potential, such as neon or helium. At the longer wavelengths, the decrease in energy is more likely due to the bandwidth of the initial pulse. The spectrum of the self-compressed driving pulse already extends to around 1300 nm, which is close to or in the normal dispersion region (the ZDW at 7000 mbar is 1410 nm). As a consequence, the driving pulse energy cannot be increased very far before the spectrum forms a continuum without a distinct Fig. 4 . (g) Dephasing rate ∆β for RDW emission at 300 nm when driven at two different wavelengths, 800 nm and 1800 nm. For 800 nm driving, the core diameter is 250 µm and the argon pressure 102 mbar, whereas for 1800 nm driving they are 450 µm and 214 mbar, respectively. The inset magnifies the region around the RDW emission wavelength; the dashed line shows the point of zero dephasing.
RDW peak, which in turn reduces the measured RDW energy.
As with the self-compression process, TDP measurements can give insight into the dynamics of RDW emission. Fig. 6 shows the time-frequency representation of the field exiting the 450 µm HCF when filled with 830 mbar of argon (the same conditions as shown in Fig. 3 ) for different input pulse energies. This provides an approximate-though not exactly equivalentpicture of the pulse evolution along the HCF, because the point of self-compression moves along the waveguide as the energy is changed.
In the time-frequency representation, the process leading to efficient frequency conversion is clearly visible. The first three traces in Fig. 6 show the self-compression from 30 fs to 2.2 fs. The RDW first appears at the self-compression point (213 µJ), since this is where the pulse spectrum first extends to the phasematched wavelength. Energy continues to be converted as the main pulse breaks up, and at 311 µJ the RDW is at its most broadband and shortest duration (3.7 fs). At 410 µJ, the RDW has moved away from the infrared pulse due to the difference in group velocity, and conversion has ceased. The bandwidth at this point is reduced-despite being mostly free of chirp, the RDW is now 4.2 fs in duration. Subsequently, it evolves largely without nonlinear interaction, stretching in time due to groupvelocity dispersion. For experiments requiring the RDW to be compressed, a pressure gradient can be used to deliver the pulse straight to vacuum. Measurements using AR-PCF have shown that the RDW can be preserved as a near transform-limited pulse using this approach [27] .
As the energy is increased from 213 µJ to 410 µJ, the central wavelength of the RDW changes from 600 nm to 490 nm. This effect is due to the nonlinear contribution to the RDW phasematching [12] , which becomes more important for larger driving pulse energy. The frequency shift is one key aspect in which Figure 6 . Experimentally measured dynamics of the self-compression and RDW emission process in the 450 µm core diameter HCF when filled with 830 mbar of argon. Each column presents the spectrogram obtained from the electric field of the pulse exiting the HCF, reconstructed from the TDP measurements through numerical back-propagation, when driving with the indicated energies. The gate used was Gaussian with a FWHM of 10 fs. The colour scale for each plot is normalised to the peak.
varying the energy is not directly analogous to following the propagation dynamics along the waveguide-for a constant gas pressure and energy, the RDW does not shift significantly during propagation after it is generated. The spectrograms also reveal the origin of the pedestal preceding the self-compressed pulses shown in figs. 2 and 3. It is formed because the peak of the initial pulse experiences the strongest self-compression, while the tails remain relatively unperturbed-this is a well-known effect in soliton selfcompression [21] . The intensity dependence of the group velocity (i.e. self-steepening) causes the peak to fall behind, resulting in the pedestal on the leading edge. Due to its low intensity, it does not interact nonlinearly by itself. Instead, it accumulates anomalous group-delay dispersion, as visible in the tilt in the spectrogram.
V. DISCUSSION
Driven by applications, the generation of ever shorter laser pulses has been a major aim in ultrafast optics for several decades. Optical attosecond pulses, first generated using a light-field synthesiser [28] and later by soliton self-compression in HCF [14] , represent the limiting case of this evolution in the visible spectral region. With an envelope duration below the cycle time of the field, the shape of the electric field transient itself becomes the relevant quantity. The self-compressed pulses we have demonstrated here extend this concept to the infrared, where such extremely short pulses have not previously existed. Low-energy infrared sub-cycle transients have been created by the interference of a few-cycle pulse with its second harmonic [29] , but the bandwidth in this approach is limited by the lack of phasematching, precluding further compression. The new capability of generating infrared attosecond pulses we demonstrate here holds great promise, for instance in the study of solid-state strongfield physics [30] . The compression relies on neither special optics, such as dispersive mirrors, nor material properties, such as anomalous bulk dispersion. Therefore, changing the central wavelength of the driving pulse will allow for fine-tuning of the width of the transient.
Another effect of the increased driving wavelength is the greatly extended tuneability of the dispersive wave to the infrared. A source that covers the entirety of the spectral range from ultraviolet to near infrared with a single frequency conversion stage is an extremely powerful tool for spectroscopy. Two additional features make this source particularly useful. Firstly, since HCF is free of the guidance resonances intrinsic to AR-PCF [31] , this range is covered entirely without gaps. Secondly, the conversion efficiency is high despite the very large frequency shift. Even at the shortest wavelength generated here-which corresponds to the 9 th harmonic of the driving field-over 1% of the input energy is converted.
Recent progress in high-harmonic generation (HHG) using infrared drivers has enabled the first time-resolved X-ray absorption spectroscopy experiments using table-top sources [32] as well as the generation of attosecond pulses in the X-ray region [1, 2, 33] . Tuneable few-femtosecond pump pulses derived from the same infrared pulse that drives HHG would enable pumpprobe spectroscopy in a variety of systems while keeping the timing jitter between pump and probe to a minimum. However, the extremely low conversion efficiency in HHG limits the pulse energy available to drive any other frequency conversion. As we have demonstrated, widely tuneable RDWs can be generated in a compact setup driven by only a fraction of the typical output energy of infrared pulse compressors [2, 4, 33] . The reduced energy requirements, continuous tuneability and short pulse duration make RDW emission driven by few-cycle infrared pulses an ideal source for widely applicable X-ray transient absorption experiments. This approach also makes UV to near infrared RDW emission sources widely accessible even with lower-energy OPAs, since the requisite infrared pulse compression is simplified by dispersion compensation in bulk material.
As can be seen in both the spectral energy density plot in Fig. 3 (c) and the spectrograms in Fig. 6 , the bandwidth of the resonant dispersive wave can be controlled at least to some degree by the input energy. However, the RDWs generated by infrared pulses in our experiments are less broadband than those generated in HCF using 800 nm drivers, where the transformlimited duration ranges from sub-femtosecond to around 2 fs [14, 15] . Besides making the pulses less sensitive to dispersion, this is advantageous especially for photoelectron spectroscopy, where too large a bandwidth can degrade the energy resolution of the experiment. One reason for the reduced RDW bandwidth when driving with longer wavelengths lies in the wavelength scaling of the waveguide dispersion.
A simple, approximate form of the phase-matching condition for RDW emission can be derived by considering the dephasing rate ∆β between a nonlinear and a linear wave (the soliton and the RDW, respectively), leading to [34] 
where β(ω) is the propagation constant in the HCF at frequency ω, β 1 (ω) = ∂ ω β(ω) is the inverse of the group velocity, ω 0 is the frequency of the driving pulse, and for simplicity we have neglected the nonlinear phase shift. This condition is depicted in Fig. 5(g) for driving pulses at 800 nm and 1800 nm, using HCF core diameters from Ref. [14] and this work, respectively. For both sets of parameters, the argon pressure was set such that RDW emission is phase-matched at 300 nm. The HCF has to be larger for longer driving wavelengths to compensate for increased loss (the propagation loss scales with the wavelength λ and the core radius a as λ 2 /a 3 ), nevertheless the anomalous dispersion contribution of the waveguide is stronger (it scales as λ 3 /a 2 ). Therefore the gas pressure has to be higher (214 mbar) than for 800 nm driving (102 mbar). This leads to a steeper gradient in the dephasing rate at the phase-matched wavelength. As a consequence, the phase-matching window is narrower. Very broadband RDWs were generated with 800 nm drivers by utilising very short driving pulses [15] . The results from the second HCF stage shown here follow this trend, with lower achievable FTL duration in the range between 300 and 500 nm, however the effect is not consistent. In particular, the FTL duration for RDWs at longer wavelengths is in fact significantly longer than obtained in the 450 µm HCF with 30 fs driving pulses [see Fig. 5(f) ]. We attribute this to the fact that the input pulse was not fully compressed-the FTL duration of the 16 fs driving pulses is 12 fs. However, what exactly determines the bandwidth of the dispersive wave is far from fully understood, and more detailed study is required.
For HCF-based soliton self-compression at 800 nm, precompression of the driving pulse is useful in keeping the required HCF length manageable [14] . Because of the stronger HCF dispersion at longer wavelengths, it is not necessary in the present experiment, which significantly simplifies the setup. The length scale of soliton self-compression is largely determined by the pulse duration and the dispersion at the driving wavelength, with shorter pulses and larger (more anomalous) dispersion leading to more rapid self-compression [14, 15] . For the two cases shown in Fig. 5(c) , the dispersion is very different: -6.6 fs 2 /m at 800 nm and -28 fs 2 /m at 1800 nm. The resulting reduction in required length enables soliton self-compression in a single HCF stage.
As with soliton effects in general, the dynamics underlying the source demonstrated here can be up-scaled in energy by increasing the HCF core size and length and decreasing the gas pressure [14, 35] . The system used here is designed to demonstrate a wide range of tuneability as well as the complete dynamics of self-compression and RDW emission, so it is not optimised for maximum input energy (the total throughput of the components before the first HCF is around 55%). Using the whole of the OPA output at 1800 nm without attenuation, the correct choice of the HCF length and gas pressure would enable the generation of much more energetic sub-cycle pulses and RDWs at the cost of reduced RDW wavelength tuneability.
Finally, we note that the generation of single-cycle (4.5 fs) infrared pulses on target (i.e. without back-propagation) has previously been achieved using soliton dynamics in AR-PCF, albeit at more than one order of magnitude lower energy [10] . In our experiments, the achievable pulse duration at the interaction point of our characterisation setup is limited to around 7 fs by the air path required; minimising this would allow for significantly shorter pulses to be obtained. In combination with the energy optimisation discussed above, this provides a route towards millijoule-scale sub-cycle infrared pulses-an ideal driver for soft X-ray high-harmonic generation.
VI. CONCLUSIONS
We have demonstrated soliton self-compression of infrared laser pulses to sub-cycle duration at high pulse energy, as well as highly energetic, widely tuneable dispersive wave emission in simple hollow capillary fibres. We obtained up to 27 GW of peak power in a sub-cycle (2 fs) pulse at 1340 nm, extending the concept of optical attosecond pulses to longer wavelengths and providing a unique tool for ultrafast science. In the same, single-stage system, RDW emission enables the generation of ultrashort pulses which can be tuned from the ultraviolet, across the entire visible and to the infrared spectral range, carrying up to tens of µJ of energy. A second HCF stage, pumped by the self-compressed pulses from the first, allows generation at even shorter wavelengths in a more compact system and with less input energy. Both systems are capable of generating supercontinua spanning over three octaves from the ultraviolet through most of the near infrared. With extremely broadband pulse characterisation, we have further been able to experimentally investigate the self-compression and RDW emission dynamics in a hollow-core waveguide in detail for the first time. With the emergence of new ultrafast pump sources in the infrared, such as optical parametric chirped-pulse amplification systems and thulium-doped fibre lasers, we expect that our work will form the foundation for a new generation of ultrafast pulse compression and frequency-conversion technology. 
